Abstract: Directional couplers are extensively used devices in integrated optics, but suffer from limited operational wavelength range. Here we use, for the first time, the dispersive properties of sub-wavelength gratings to achieve a fivefold enhancement in the operation bandwidth of a silicon-oninsulator directional coupler. This approach does not compromise the size or the phase response of the device. The sub-wavelength grating based directional coupler we propose covers a 100 nm bandwidth with an imbalance of ≤ 0.6 dB between its outputs, as supported by full 3D FDTD simulations.
Introduction
Directional couplers are widely used devices in integrated optics, with applications including optical taps, wavelength demultiplexers, optical switches and biosensors [1] [2] [3] [4] . Directional couplers are straightforward to design and their splitting ratio is readily adjusted by varying their length or waveguide separation. However, especially when compared to multi-mode interference (MMI) devices, their bandwidth is limited [5] , which is why the latter are preferred for some applications [6] .
Several methods have been proposed to enhance the bandwidth of directional couplers. By connecting couplers in a Mach-Zehnder interferometer their responses can be compensated [7] [8] [9] , but at the cost of a considerably larger device. Adiabatic mode conversion couplers achieve broadband operation by using specific, tapered shapes in the coupling region, which, again, increase device size significantly [10, 11] . Finally, bending of the complete coupler enhances its bandwidth, but results in degradation of its phase response [12] .
Here we propose, for the first time, the use of sub-wavelength gratings (SWGs) to design broadband directional couplers. SWGs, in which diffraction is suppressed by using a subwavelength pitch, have been used successfully to synthesize previously unavailable refractive indices in fibre-to-chip couplers [13, 14] , metamaterial lenses [15] , waveguide crossings [16] , multiplexers [17] , and multi-mode interference couplers [18] . However, the dispersive properties of SWGs remain, to the best of our knowledge, unexplored. In this paper, we show that using these properties a fivefold gain in bandwidth can be achieved for a directional coupler in silicon. As opposed to previous approaches [7] [8] [9] [10] [11] [12] , our design yields devices with virtually the same length as conventional couplers and its impact on the phase response is marginal. This paper is organized as follows. In section 2 we describe the general concept of how directional coupler bandwidth is increased using SWGs. The design of the device is detailed in section 3, where we also discuss the performance that is achieved. While we focus on a 50/50 splitter here, other splitting ratios can be obtained by simply changing the length of the coupler. Finally, in section 4 conclusions are drawn. The operation of a conventional directional coupler is illustrated in Fig. 1(a) . Light is launched into one arm of the device, and excites the even and odd supermodes (φ 1 and φ 2 ) of the two parallel waveguides, which are separated a distance s conv . The beat length of these modes is given by
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, where n eff,1 and n eff,2 are the effective indices of φ 1 and φ 2 , respectively. By setting the physical length of the coupling region to L = L π /2 a 50/50 coupler is obtained. However, power splitting is perfectly symmetric only at the design wavelength, because L π varies with wavelength due to modal dispersion. Intuitively this dependence can be understood as follows: as wavelength decreases, the even and odd modes become more confined inside the waveguides, so that n eff,1 and n eff,2 both tend towards the effective index of the isolated waveguides, thus increasing L π . To exemplify this, consider a directional coupler based on the silicon wire waveguide shown in Fig. 1(b) . The effective indices of the even and odd supermodes, n eff,1 and n eff,1 , of such a coupler, with W = 0.45 μm wide silicon wire waveguides separated by s conv = 0.3 μm, are plotted in Fig. 1(c) for the TE polarization. They converge as wavelength is decreased, resulting in an almost linear increase of L π , as seen in Fig. 1(d) . In this particular example L π /2 exhibits a variation of about 20 % between λ = 1.5 μm and λ = 1.6 μm. Even if the gap is reduced to s conv = 0.1 μm the variation is still about 13 %.
Dispersion engineered directional coupler
We propose the directional coupler shown in Fig. 2(a) , where the coupling section of the device is embedded in a subwavelength grating. By properly designing the pitch (Λ) and gap (g) of the SWG, the beat length of this structure becomes almost wavelength independent, enabling broadband operation. The operation principle is explained in the following. The pitch of the SWG (Λ) is small enough to ensure that diffraction is suppressed, so that at a fixed wavelength and angle of incidence it acts as a homogenous medium [17] . However, since the SWG used here is arrayed along the propagation direction z, the effective index of its fundamental Floquet mode will increase appreciably with wavelength as the Bragg wavelength, λ B = 2Λn eff , is approached. This is illustrated in Fig. 2(b) , where the effective index, n eff , of the fundamental Floquet mode propagating through the structure shown in the inset is seen to increase rapidly as the Bragg wavelength, λ B ∼ 1.48 μm, is approached. Inserting the SWG between the coupler waveguides will have different effects on the effective indices n eff,1 and n eff,2 of the coupler's even and the odd supermodes, φ 1 and φ 2 . Since the field of the odd supermode, φ 2 , is asymmetric in central SWG region (between the waveguides), most of its index perturbation will cancel. Conversely, the effective index of the even mode, φ 1 , which has a symmetric field in the central SWG, will change appreciably as the index of the SWG changes. As wavelength is decreased, both propagation constants are now affected by two opposing mechanisms: a) increased confinement tends to equate the effective indices, increasing L π , and b) the SWG increases mainly n eff,1 , so that L π decreases. By properly adjusting the SWG variation of L π with wavelength can be markedly reduced, enabling broadband operation.
Simulation and design
For our design we consider the silicon wire waveguide cross-section shown in Fig. 1(b) and TE (in-plane) polarized light, corresponding to TM in the 2D model. The concept is presented here for TE-like polarization, which is typically used in silicon microphotonic waveguides. However, it can be extended to TM (out-of-plane) polarized light, but, due to birefringence of the SWG, will generally result in different optimum device dimensions. The waveguide core consists of a 260 nm thick silicon layer that sits on a silicon dioxide layer, and is covered by SU-8 polymer. Simulations are based on the effective index model shown in Fig. 1(b) , and carried out with an in-house, Fourier expansion based simulation tool [19] that takes into account material dispersion. This tools allows for the efficient calculation of the Floquet modes that govern the operation of the SWG based directional coupler. The final design is verified with full 3D FDTD simulations. Due to the sub-wavelength nature of the periodic structure in the coupling region the field profiles of the Floquet modes resemble the fields of modes in a homogenous waveguides. Consequently we will plot the Floquet mode field distributions only for a fixed value of z, in the center of a SWG air gap.
The design of the SWG based directional coupler encompasses three distinct steps. The first step is mainly related to the third order supermode, φ 3 in Fig. 2(a) , which interferes with the operation of the coupler and must thus not be excited. In a second step the SWG structure is optimized to flatten the wavelength dependence of the beat length of the two first order supermodes (φ 1 and φ 2 ) with respect to wavelength. Finally, the complete structure shown in Fig. 2(a) is simulated and the optimum number of periods of the SWG (P), i.e. the coupling length, is determined.
Coupler excitation
In conventional directional couplers a sizeable amount of coupling can take place in the input and output s-bends of the device [ Fig. 1(a) ], apart from the central straight coupling section. In the design proposed here coupling in the s-bend regions has to be avoided, since the required wavelength independent coupling, i.e. constant L π , is difficult to ensure when the separation between waveguides varies continuously. This is why a waveguide separation of s SWG = 0.5μm is adopted, which ensures that the access s-bends remain virtually decoupled.
In the SWG based coupler a third order supermode, φ 3 , shown schematically in Fig. 2(a) , is present. We have verified with 3D full vectorial simulations that this mode is also present in the conventional coupler, where it is weakly guided in the gap between the waveguides and virtually no power couples into it. This mode may be interpreted as the supermode resulting from the superposition of the second order modes of the individual waveguides. These are close to cut-off in the individual waveguides, but become guided as the waveguide separation is reduced. A detailed examination of this phenomenon is, however, out of the scope of this paper. In the SWG coupler a significant amount of power can couple into this third order mode. If φ 3 is excited it interferes with the operation of the directional coupler producing spurious power transfer between the waveguides.
The power coupled into this mode can however be controlled by adjusting the duty-cycle of the SWG, which we define as DC = (Λ − g)/Λ, and the extent of the SWG on both sides of the coupler waveguides, t [see Fig. 2(a) ]. We found that t should be t ≥ 400 nm, so that modes see a symmetric refractive index distribution on both sides of the waveguides. This is important because, as discussed in the following, the amount of power that couples into φ 3 essentially depends on its anti-symmetry with respect to the waveguide center. Figure 3(a) shows the overlap of the third order supermode, φ 3 , with the mode of the lower input waveguide, φ in , as a function of duty-cycle and for different pitches of the SWG at λ = 1.55 μm. It is apparent that in order to minimize the excitation of φ 3 the duty-cycle has to be kept below ∼ 25 %. This may be understood by examining Fig. 3(b) , which shows the field of the input mode, φ in , as well as the field of the third order supermode, φ 3 , for two different duty-cycles and a pitch of Λ = 271 nm. For a 22 % duty-cycle φ 3 exhibits an almost perfect anti-symmetry with respect to φ in , so that power transfer will be minimum. For a larger 50 % duty-cycle this anti-symmetry is broken and the overlap between φ 1 and φ 3 increases to about 5 %. Such an amount of power indeed would suffice to significantly deteriorate the behavior of the coupler.
Minimizing the wavelength dependence of L π
As discussed in the previous section the duty-cycle of the SWG structure has to be kept below 25 % to avoid unwanted power transfer to the third order supermode of the coupler. On the other hand, a duty-cycle significantly below 25 % yields reduced feature sizes which are difficult to realize. Thus, the main degree of freedom for the design of the SWG structure is its pitch, Λ. In order to achieve a fabricable design, minimum feature sizes should be around ∼ 60 nm, which is close to the limit of most e-beam processes. This sets a lower limit of Λ ≥ 240 nm for the pitch that can be used for a realistic design of the SWG region. The upper limit of the pitch is set by the Bragg condition, which is most critical for the shortest operation wavelength. In this case we chose λ min = 1500 nm, so that Λ ≤ λ min /(2n eff ) ≈ 300 nm, where an approximate value n eff ≈ 2.5 has been assumed. We then numerically calculate L π from the propagation constants of the two lowest order Floquet modes of the coupling region (φ 1 and φ 2 ). Figure 4(a) shows L π /2 in the 1500 nm to 1600 nm wavelength range for three different pitches and a constant duty-cycle of 22.5 %. For the lowest pitch, Λ = 261 nm, the behavior is similar to a conventional directional coupler [see Fig. 1(b) ], with L π increasing almost linearly as wavelength is decreased. However, as the pitch is increased to Λ = 271 nm the Bragg wavelength of the SWG is shifted sufficiently close to actually decrease L π for shorter wavelengths (see discussion in section 2.2). This results in a remarkable flattening of the L π curve, which exhibits a variation of only 4 % in the 100 nm bandwidth. Thus Λ = 271 nm is chosen as the nominal pitch for our design. In fact, from Fig.  4(b) it is apparent that n eff,1 and n eff,2 no longer converge (as in the conventional coupler), but are appropriately spaced to keep L π constant. Note that further increasing the pitch to Λ = 281 nm results in the effect of the SWG being too strong, effectively increasing the variation of L π [ Fig. 4(a) ]. Note that although the waveguide separation in the SWG based coupler (s SWG = 0.5 μm) is larger than in the conventional design (s conv = 0.3μm), the half beat lengths of both designs are approximately equal (L π /2 ∼ 20 μm). This is because for a given waveguide separation the presence of the SWG reduces the beat length; in fact, removal of the SWG in the coupler in Fig. 2(a) increments the half beat length to 110 μm.
Simulation and verification of the complete coupler
In the final design step the complete coupler as shown in Fig. 2(a) is simulated. The separation between the access waveguides is set to a = 1 μm to ensure they are fully decoupled, and the adiabatic s-bends are 5 μm long. The number of SWG periods, P, was optimized by 2D simulations with our in-house tool [19] to produce symmetric 50/50 coupling, yielding P = 71. The resulting coupling length of P × Λ = 19.2 μm is in excellent agreement with the half beat length for Λ = 271 nm shown in Fig. 4 , confirming that coupling in the s-bend regions is indeed negligible. Note that other splitting ratios are readily obtained by adjusting P. Figure 5 (a) shows the output power for the bar and cross ports of the SWG based coupler. As expected from the nearly constant L π value, output power is virtually flat in a 100 nm bandwidth. The residual ripple in the output power is attributed to small back-reflections at the ends of the SWG region. These reflections could be further reduced by tapering the SWG in the input and output regions, which, however, requires carefully studying the excitation of the third order mode. The output power of a conventional directional coupler with the same coupling length of 19.2μm is shown for comparison in Fig. 5(a) . The SWG coupler maintains an imbalance of 0.6 dB between its outputs over a 96 nm bandwidth, while the conventional coupler covers less than 20 nm of bandwidth with this imbalance. A fivefold improvement in operation bandwidth can thus be achieved with the proposed design. To further validate the performance of the device full 3D FDTD simulations were carried out. We used a grid in the x − y − z directions of 30 nm − 40 nm − 5 nm and a time step below the Courant limit. Despite the 2D, effective index approximation used in the above analysis, we found the predicted device dimensions to be very close to the dimensions that yield opti-mum performance in the 3D case. The pitch increased by less than 1 % to Λ 3D = 273 nm, and the number of periods was adjusted to P 3D = 84, corresponding to a 3.5μm increase in coupling length. Some discrepancy between the 3D and 2D simulations is expected, since precise calculations of coupling lengths are challenging in 2D approximations [20] . The output power obtained with these parameters is shown in Fig. 6 . While the residual ripple is less apparent in the 3D simulations, the results are in excellent agreement with the 2D modeling, thereby confirming the broadband behavior of the coupler. Although not within the scope of this paper, it is noted that analyzing the 3D device with a full vectorial Floquet mode solver could significantly reduce simulation times compared to 3D FDTD, and allow for further device optimization.
Conclusions
By exploiting the dispersive properties of sub-wavelength gratings for the first time, we have designed a directional coupler that exhibits a fivefold bandwidth enhancement compared to conventional directional couplers. Our approach yields a compact device, and does not deteriorate the coupler's phase response. The design is carried out using efficient 2D Floquet mode analysis, and validated with full 3D FDTD simulations. The concept of SWG dispersion engineering that we introduce here opens excellent prospects for dispersion management in photonic integrated devices.
